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Local density functional is investigated by using the full-potential linearized augmented plane wave (FP-LAPW)

method for ScN in the hexagonal structure and the rocksalt structure and for hexagonal structures linking a layered

hexagonal phase with wurtzite structure along a homogeneous strain transition path. It is found that the wurtzite ScN

is unstable and the layered hexagonal phase, labelled as ho, in which atoms are approximately fivefold coordinated,

is metastable, and the rocksalt ScN is stable. The electronic structure, the physical properties of the intermediate

structures and the energy band structure along the transition are presented. It is found that the band gaps change from

4.0 to 1.0eV continuously when ¢/a value varies from 1.68 to 1.26. It is noticeable that the study of ScN provides an

opportunity to apply this kind of material (in wurtzite[h]-derived phase).
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1. Introduction

Transition metal nitrides have a wide range of
technological applications, due to their excellent phys-
ical properties that include high hardness, mechan-
ical strength, and high melting point. These ma-
terials crystallize in the rocksalt structure and can
be either metallic or semiconducting. Furthermore,
there has also been a long interest in another transi-
tion metal nitride: namely ScN. Recently, achieved
was the smooth epitaxial growth of singly oriented
ScN films,['3) showing the possibility of using ScN
ScN is believed to be a
narrow-gap semiconductor and its lattice constant is

as an electronic material.

very similar to that of GaN (a wide-gap semiconduc-
tor), then combining the two kinds of semi-conductors
into the form of heterostructure could be of great in-
terest in the fabrication of electronic devices. The
first-principles calculations by using some techniques,
such as screened-exchange (SX) and quasi-particle
corrections, 5 have shown that ScN is a semiconduc-
tor. The calculations¥ have also shown that ScN,
YN, GdN, and LaN are indirect semiconductors with
gaps of about 1-2eV, and ScN has a very small lat-
tice mismatch with GaN(< 2%), which perhaps can be

useful for combining ScN with GaN into a GaN/ScN
hetero-structure or ScGaN alloy. A similar situa-
tion also occurs in YN and InN. Most of the previ-
ous studies on ScN mainly focused on the ground-
state structure (the rocksalt phase), while Farrer and
Bellaichel® reported on the discovery of another meta-
stable phase in ScN, i.e. a layered hexagonal (non-
polar) phase that is five-times coordinated (denoted
as he-ScN, a phase similar to that found in MgO,[™)
which has a total energy that is about 316 meV/(2
atoms)[ higher than the value calculated from the
ground-state rocksalt phase of ScN.[5=10 Ranjan et
al have predicted that applying a compression in-
plane strain to h.-ScN can result in a very high piezo-
electric response, as well as the tuning of the electronic
band gap in a large visible range. In other words, it
can be a multifunctional material. The super-lattices
were studied,[!213] which are composed of alternat-
ing n layers of ScN with n layers of GaN (or InN). It
is found that the super-lattices undergo an isostruc-
tural phase transition (from a wurtzite-derived phase
to an h-derived phase) in the presence of a hydrostatic
pressure, and such a phase transition is also accom-
panied by the changes of the optical and dynamical
properties. Some of these properties are technologi-
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cally promising, e.g. when the increase of the por-
tion of the nontransition-metal cations, the band gap
of the super-lattices is predicted to range from near
infrared to green for wurtzite-derived InN/ScN super-
lattices and from near infrared to blue/ultraviolet for
GaN/ScN systems in their wurtzite-derived phase.
Little and Kordesch,' grew ScGaN by using the
sputtering technique and reported on amorphous or
microcrystalline films and a linearly decreasing opti-
cal band gap (from 3.5 down to 2.0eV) with Sc con-
centration increasing.'* Recently, using the molecu-
lar beam epitaxy technique, Costel et all'! reported
on the growth evidence for the meta-stable layered
hexagonal phase. Also, they have suggested that for
Sc,Ga; N, at a regime = < 0.17 it has a wurtzite-
like structure but with local lattice distortions and an
anisotropic lattice expansion occurs with = increasing,
where a increases much more than ¢, and so the value
of ¢/a decreases.

In this paper, we present our results on the tran-
sition path linking wurtzite with h, in ScN which is
important for forming wurtzite-derived (or h-derived)
phase with other compounds (such as GaN) and for
investigating the phase stability of ScN. It is found
that for ScN, wurtzite phase is unstable towards an
intermediate structure between wurtzite and rocksalt,
which is hexagonal structure, called h, structure, and
will be described in detail below. We here present en-
ergy band structures and charge densities to show the
formation of the new bonds as we move from wurtzite
structure to h, structure. The optical properties ac-
companied by the transformation of phase are also
given in the paper.

The rest of the paper is organized as follows. First
we discuss the geometric aspects in Section 2. In Sec-
tion 3, we provide the necessary information on our
computational method. Next, the result for ScN is
clearly discussed in Section 4. In this section, the lat-
tice character, the total energy and band structure re-
sults for rocksalt (RS), hexagonal (h,) structure, and
wurtzite (WZ) structure are all presented. We also
give the results on the band structure of the interme-
diate structures along the transition for ScN, and the
information about the different charge densities of the
intermediate structures which allows us to monitor the
bond formation during the transition. In summary,
we mainly focus on the difference charge densities and
the bond formation along the transition, and on the
recent information about the band structure along the
transition path.

2. Crystal structures

Here, we investigate a particular kind of hexag-
onal crystal structure that is characterized by three
parameters, i.e. the lattice constant a, the ¢/a ratio,
and the internal parameter u that determines the rela-
tive position of the two ideal hexagonal closed-packed
sublattices. The primitive lattice vectors of this struc-

a=a (;w — ?y) , (1)

1 V3
as=a (2;1; + 2y> , (2)

as = cz, (3)

ture arel6l

where a and c are the two different lattice parame-
ters, ¢/a is the axial ratio, and @, y, z are the unit
vectors along the Cartesian axes. The primitive unit
cell contains four atoms: two atoms of type A (e.g. N)
located at 7 and r separately, and two atoms of type
B (e.g. Sc) located separately at r3 and r4, where

1 2
T = §a1 + 5(12, (4)
2 1 1
2= a1+ zas + 5as, (5)
ry = 1a + ga + ua (6)
3 = 3 1 3 2 T uas,
2 1 1
4= 501 + 302 + (2 + u) as, (7)

where u is the dimensionless internal parameter. As is
known, in the ideal wurtzite structure (see Fig.1(a))
with space group P63mc, characterized by equal bond
lengths, ¢/a is v/8/3 and u is 3/8, and in the hexagonal
structure (see Fig.1(b)) with space group P63/mmc,
which has been found in MgO and is nearly five-times
coordinated.” « is 1/2. The parameters u and ¢/a,
however, are not independent of each other, because
for any given value of ¢/a specifying a uni-axial strain,
u must be determined such that there is no force on
the atoms. We can find that near the ideal wurtzite
structure, u increases linearly with the decrease of ¢/a
but eventually it starts varying faster and then locks
into a value of 1/2, and the two bond lengths per-
pendicular to the mirror plane are almost equal to the
three bond lengths in the plane. Then the space group
changes from P6smc to P63/mmc due to the introduc-
tion of an extra mirror plane. It is different from the
layered material h-BN, as is well known, h-BN struc-
ture is essentially three-fold coordinated because the
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interlayer distance is too large to form a bond. Un-
der the compression of this structure along c¢/a, it has
been found!® to be converted into a wurtzite structure
at some critical value of ¢/a that is reduced by form-
ing a bond perpendicular to the plane. This breaks
the mirror plane symmetry and the bonding becomes
tetrahedral. It can also be found in ScN. So we can in-
dicate that the wurtzite structure with P6s3mc degen-
erates into a more symmetric P63/mmc group either
by forming a perpendicular bond or by destroying the
perpendicular bond.

Table 1. Crystal parameters in wurtzite, ho, and rocksalt

structures.

crystal parameters ideal WZ  ho RS

c/a 1.633 about 1.2 1.0

u 3/8 1/2 1/2

b/a V3 V3 1.0

v 1/3 1/3 1/2
point group Fm3m P63mmc P63/mc
polarity nonpolar nonpolar Polar

a)It is determined by total energy minimizations, described
later in paper.

(a)

Fig.1. The structure of ScN, where panel (a) is for wurtzite structure, panel (b) for ho structure, and panel

(c) for rocksalt structure.

The values of the parameters ¢/a, u, b/a, and v in
WZ, h, and RS structures are indicated in Table 1.
Except for the value of ¢/a in h, structure, which is
determined by minimizing the total energy, the other
parameters are completely determined by geometry.
The general problem can then be stated as mapping
out the energy landscape in the parameter space of ex-
ternal strain, ¢/a and b/a specifying the orthorhombic
strain. In principle, we have to find the ‘best’ u and
v to minimize the internal strain energy and the equi-
librium volume V. Then we can identify the number
of local minima and the lowest-energy paths as well as
the minimum barrier to move from one local minimum
to another in this energy landscape. In practice, we
take a single cut to avoid exploring the whole land-
scape.

3. Calculation method

The calculations are performed in the frame-
work of density functional theory.'®! We have em-
ployed the full potential linearized augmented plane

wave (FP-LAPWU7) method as implemented in the
WIEN2K code.l'8! The exchange and correlation ef-
fects are treated by using the generalized gradient
approximation (GGA) given by Perdew, Burke, and
Ernzerhof.!'¥] The technical details of our calculations
are as follows. We treat the core states fully relativisti-
cally and the valence states scalar also relativistically,
and we use angular momenta up to . = 10 in the
muffin-tin spheres for both the wave functions and the
charge density in the self-consistent cycles. And the
cutoff energy for the plane-wave expansion in an in-
terstitial region is 19.5 Ry.

Also, we relax the positions of all the atoms un-
til the forces are less than ImRy/a.u. The muffin-tin
radii are Ry = 1.8 and Rs. = 2.0 bohrs for N and Sc
atoms, respectively. And 84, 80 and 76 k points in the
irreducible part of the Brillouin zone (IBZ) are for the
rocksalt structure, the hexagonal (h,) structure and
the wurtzite structure, respectively. With respect to
the Ny molecule, the bond length is calculated to be
0.11nm within the GGA, which is in good agreement
with other calculations.[*! The experimental value is
0.1098 nm. 2%l
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4. Results and discussion

4.1. Electronic structure and physical
properties of the special structures

4.1.1. Lattice parameters and total energy
properties

The lattice constants, bulk moduli, and total en-
ergy are obtained by using the GGA and listed in Ta-

ble 2. Where possible, we have included the results of
other ab initio calculations and measurements. For
RS-ScN, only volume is allowed to relax, for all other
crystal parameters are fixed due to the crystal sym-
metry. For ho-ScN, b/a and v are fixed and ¢/a, v and
volume are allowed to relax. For W Z-ScN, we relaxed
u and volume; other structural parameters are fixed
due to the crystal symmetry.

Table 2. Comparison between the local-density-approximation(LDA)-predicted properties of the RS-, ho-,

W Z-ScN. a, ¢/a, u, V and By are the in-plane lattice constant, axial ratio, internal parameter, volume of

the primitive cell, and bulk modulus, respectively. dnn denotes the distance between the nearest neighbours.

AF is the difference in total energy between the considered phase and the rocksalt structure, and the 2

atoms include one Sc atom and one N atom of the primitive unit cell.

property RS-ScN ho-ScN W Z-ScN
a/nm 0.452 0.373 0.345
0.454) 0.366") 0.349%)
Expt. 0.4509), 0.4449) - -
c/a 1 1.208 1.633
- 1.207") 1.60%)
u 1/2 1/2 0.3815
- - 0.382)
V /nm3 0.04614[0.0480] 0.05434[0.0514] 0.05838[0.05434]
0.04680%) 0.05125%) 0.058822)
B,/GPa 195 164 140
2012) 181P) -
dpn /nm 0.226 0.215-0.225 0.200-0.210
AE/(eV/2 atoms) 0 +0.184 +0.449

a) Reference [10]

b) Reference [6]

©) References [21-24]
4) Reference [25]

It has been found that rocksalt has a ground-state
structure of ScN, with a = 0.452nm, By = 195 GPa,
and cohesive energy Fy ~ 1.00 Ry. Experimental val-
ues are a = 0.4501nm and By = 182 4+ 40 GPa for
the lattice constant and bulk modulus, respectively.?
The agreement between the theory and experiment
is very good. There is an additional local minimum
in the h, structure with ¢ = 0.373nm, ¢/a = 1.208
and total energy that is 0.184eV/(2 atoms) higher
than the calculation, which is in good agreement with
earlier calculations.[!l We also give the results of the
wurtzite structure with ¢/a = 1.633, a = 0.345 nm,
u = 0.3815 and total energy that is 0.449 eV /(2 atoms)
higher than the calculation. Also, we note that the
lattice constant a and the length of bonds both in-
crease, while the equilibrium volume decreases as we
move from wurtzite to h, to rocksalt structures due
to the increase of coordination number. From this

decreasing volume we note that there is a decrease in
total energy; in other words, the cohesive energy of the
solid becomes higher. Progressively, the bulk moduli
increase as expected.

Finally, we have also obtained the curve for en-
ergy versus volume for each structure and derived from
them the bulk modulus in each structure, and the
transition pressures between the different structures
using the common tangent construction. The curves
for total energy as a function of volume are shown
in Fig.2, where it is indicated that the lowest-energy
structure is correctly found to be of rocksalt and that
in order to convert it into ho-ScN we need a negative
pressure. At this pressure, the volume is expanded
to reach the value V3 /Vrs = 1.04 and then the vol-
ume would be discontinuously expanded, arriving at
the value V5 /Vgg = 1.24 and entering into the h,-ScN
phase, where Vgg; is the volume of RS-ScN at zero
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Total energy/(eV /unit)

4.0 4.5 5.0 5.5 6.0 6.5
Volume/(10~2nm? /unit)

Fig.2. The curves for total energy as a function of volume
for RS- and ho-ScN and the common tangent construc-
tion, where Vig and V, are the equilibrium volumes of
RS-ScN and ho-ScN at zero pressure, respectively. Vi
and V5 are the volumes of RS-ScN and ho-ScN at the
phase-transition pressure, respectively.

pressure. This is of course somewhat unphysical be-

cause one cannot apply a negative pressure in the lab-
oratory. However, one may think of alloying with an-
other compounds (such as YN) to expand the lattice
constant, and in this sense the result shows how big
an expansion should be needed before the equilibrium
between the meta-stable h,-ScN phase and the stable
rocksalt phase occurs. Of course, alloying with other
elements will have other effects besides the expansion,
so this consideration is applicable only for a limited
number of cases in reality.

4.1.2. Electronic structure and optical proper-
ties

The energy band structures are also obtained and
presented in Figs.3(a), 3(b) and 3(c) for RS-, ho-, and
W Z-ScN structures, respectively. The solid lines cor-
respond to the bands at the equilibrium volume of
each phase.
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= ScN
\
> 0 > 0 [~
© © —
~ ~
g 51 8 _51
<} =}
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—10 104
e | "
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(c)

Fig.3. Band structures of ScN, where panel (a) shows the Band structures of RS-ScN, with solid lines bing

for equilibrium volume Vgig and dashed lines for expanded volume V1, corresponding to the common tangent

point shown in Fig.2; panel (b) displays the Band structures of ho-ScN, with solid lines being for equilibrium

volume V, and dashed lines for expanded volume V2, corresponding to the common tangent point shown in
Fig.2; panel (c) describe the Band structures of WZ-ScN, with the solid lines being for equilibrium volume
VWZ and dashed lines for the equilibrium volume V, of ho-ScN.
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In the terms of electronic structure, we may note
that this is accompanied by an increase in valence
bandwidth and a downward shift of the centre of grav-
ity of the N 2s valence band. This means that some
of the occupied states obtain lower energies (with re-

spect to the valence-band maximum (VBM) and this
is consistent with the band structure making a less
contribution to the total energy. This also accords
with the formation of additional bonds which will be
described more clearly later.

Table 3. Characteristic energy gaps of the band structures shown in Figs.3(a)-3(c), where Ens — Enp, is the

energy gap between the Ns band and the valence band complex, F, — Es is the N, — Ng energy gap at I,

Eg(I) is the zone-centre metal d band splitting at I" and W is the upper valence-band width. The values in

square brackets are the parameters at the volume corresponding to the common tangent construction shown

in Fig.2.
energy gaps RS-ScN ho-ScN W Z-ScN
nature of the band gap indirect indirect indirect
I' - X I' - K M—X
Eg/eV ~ 0[0.05] 0.47[0.53] 2.84[2.87]
0¥, 1.58) 0.25°) 3.0%
Experimental 1.340.39 - -
Eg(I')/eV 2.43[2.29] 2.30[2.23] 4.72[5.14]
W /eV 4.95[4.81] 4.06[3.90] 2.30[2.50]
En, — En, /eV 7.15[7.30] 8.20(8.30] 8.62[8.46]
E, — Es/eV 14.01[13.86] - -

2) Reference [9)]
b) Reference [4]
©) Reference [6]
4) Reference [7]

Our calculated RS-ScN LDA band gap is almost
zero and indirectly located from I' to X, which is in
good agreement with other LDA calculations.*10 Tt
is well known that the energy band gaps are not given
accurately by the Kohn-Sham eigenvalues in LDA be-
cause they do not truly represent quasi-particle excita-

[26—29]

tion energies. However, the corrected LDA gaps

are only weakly dependent on the structure. If we
compare our RS-ScN LDA band gap with a measured
band gap of 1.3eV, we can estimate that a correction
of 1.3 eV is applicable for the other structures. Consid-
ering this correction, the predicted band gaps of W Z-
and ho-ScN will be 4.13eV and 1.77 eV, respectively.
Note that it will probably be underestimated slightly,
for when the gap increases, the self-energy correction
also increases because the gap correction is inversely
proportional to the band gap. In h,-ScN the VBM
is located at I', while the conduction- band minimum
(CBM) is at K. This accords with the earlier work
by Farrer and Bellaichel® They found the value of the
LDA band gap to be 0.25eV. In WZ-ScN the CBM is
located away from I' (approximately 70% away from
I' — M), while the VBM is at M. This is consistent

[5:11] a5 far as the location of the

with the earlier work
band extremum is concerned and close to the value of

the LDA gap, which was obtained to be about 3eV.!%!

We can find that the shape of 2s band almost does
not change from wurtzite phase to h, phase, but the
shape of top valence-band changes significantly. The
LDA band gaps are listed in Table 3. Eng —
the energy gap between the N s band and the valence

ENp is

band complex, E, — Ey is the N, — Ny energy gap at
I', E4(T") is the zone-centre metal d band splitting at
I' and W is the upper valence-band width. It is found
that when the volume is compressed from WZ to RZ,
the upper valence band width will increase, but the
band gaps will become smaller.

We have also examined the band structures of
both RS- and ho-ScN at the transition pressure (com-
pressed volume) and WZ-ScN at the volume V, (the
equilibrium volume of ho-ScN). These band structures
The
band structures of RS and h, structures deform in a

are presented as dashed lines in Figs.3(a)-3(c).

similar way, with volume being compressed; the band
gaps become smaller; the upper valence band widths
increase. It suggests that the hydrostatic deformation
potential is positive in RS-ScN and ho-ScN. The de-
tailed variations in band gaps and band widths are
summarized in Table 3.

The total partial densities of states (DOSs) for
ScN studied are shown in Figs.4(a)-4(c) for the Sc
atom and for the nitrogen atom of the bulk compound,
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Fig.4. Partial densities of states and their state resolved components of ScN, where panel (a) is for RS-ScN,
panel (b) for ho-ScN, and panel (¢) for WZ-ScN.
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in additions to their states (s, p[p;], d [d;]) resolved
DOSs. The quantities indicate that there is a strong
hybridization between the N states and the Sc states
with the energy position. The feature in the lowest en-
ergy case is that the N 2s derived state and the N state
mixes with the s states of Sc atom in a conduction-
band region. With respect to the valence-band com-
plex, these are two high density regions separated by
a low electron density region. At the bottom of the
lower region involved are the bonding contributions of
Sc s- Np states and above this involved are the bonding
contributions of Sc d(and some p) - Np states. At the
bottom of conduction-band, it is mainly due to Sc d
states with some Np components. It is very interesting
that the W Z-ScN bottom region of conduction-band
is clearly split into two peaks due to a large differ-
ence in energy between ¢* and 7* bonds. These hy-
bridizations are indicated from the decomposition of
the partial DOSs into their s; p; and d contributions as
shown in Fig.4(a)-4(c). Also, the upper valence-band
width becomes smaller as the crystal is compressed
from wurtzite structure to rocksalt structure.

4.2. Intermediate transition structures
from WZ to h,

4.2.1. Total energy and internal parameter

As mentioned in the previous sections, W Z-ScN
is unstable, and the transition from WZ-ScN to RS-
ScN can be studied in two parts: W Z-ScN-to-hy-ScN

and ho-ScN-to-RS-ScN. As is known, no reason why
we should first reduce c/a and then b/a in transform-
ing from WZ to RS. Instead we need to explore the
complete parameter space, which we will report later.
Then we consider a transformation path where b/a
is constant (equal to v/3) and c/a is varying between
their final values of ideal W Z and ideal h,. This inter-
mediate transition structure is important for forming
wurtzite-derived (or h-derived) phase with other com-
pounds (such as GaN).

The transition from W Z-ScN to h,-ScN does not
have any energy barrier and is obtained simply by min-
imizing the total energy with respect to the structural
parameters. The curves for total energy and u as a
function of ¢/a in a range of 1.68-t0-1.208] are shown
in Fig.5. Note that along the path from W Z-ScN to
ho-ScN the values of both b/a and v are fixed at those
of WZ-ScN due to symmetries. However, u and vol-
ume are relaxed to obtain the minimum energy in the
following way. The relaxed u and total energy as a
function of ¢/a are first determined with the volume
fixed at that of ideal h,-ScN. In order to obtain the
effect of volume on the relation, we also investigate
the relation at different values of lattice parameter
a. When the value of a is less than that of a, (the
equilibrium lattice constant of h,-ScN), the relation
is almost independent of volume (see the left panel in
Fig.7).
that minimizes the energy at ¢/a and the u that is re-

The left panel in Fig.6 indicates the volume

laxed for volume, while the right panel in Fig.6 shows
the simultaneous evolution of wu.
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Fig.5. Curves for total energy per unit of ScN in the W Z-ScN — ho-ScN transitions, where A, B, B’, C
and D are special points whose corresponding values of ¢/a are 1.208, 1.26, 1.30, 1.40 and 1.63, respectively.
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Fig.6. Curves for the energy minimizing volume and u used in the total energy calculations versus c/a,

where A, B, B’, C and D are special points whose corresponding values of c¢/a are 1.208, 1.26, 1.30, 1.40

and 1.63, respectively.
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Fig.7. Curves for relaxed u and bond length (for a = 0.397 nm) as a function of ¢/a, where b, is the length
of the bond of ho-ScN(noted as bo), byy is the length of the bond of WZ-ScN (noted as bry) which is along
the (001) direction, and the by is the length of the others bond of W Z-ScN (noted as by).

We can line out at two special points B(c/a
1.26) and C(c/a = 1.40) in the left panel of Fig.6.
The two lines partition the total range [1.68,1.208]
into three subranges: D — C, C — B and B — A.
Points D(c/a = 1.63) and A(c/a = 1.208) correspond
to the ideal-W Z and ideal-h, structures, respectively.
We note that in the vicinity of ideal WZ (the range
D — C in the right panel of Fig.6), the total energy,

volume and u vary almost linearly with ¢/a. At the
point where the crystal is compressed to the value of
¢/a reaching about 1.26 (i.e. at the point B in the
right panel of Fig.6), u changes abruptly to a value of
1/2, where it then stays unchanged. This can be ex-
plained as follows. As we discussed, the material has
a tendency to form more bonds because of the ionic
nature of the bonding that is insensitive to direction.
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And therefore the lower energy corresponds to a higher
nearest-neighbouring coordination number. However,
when ¢/a is close to the value for the ideal WZ struc-
ture and u = 1/2, hy-ScN is formed, which would
stretch the bond too far. The bond length will reach
0.341 nm, thus forming ho-ScN at ¢/a = 1.68 (Fig.7).

As we reduce c/a, two bonds, instead of single
wing, are formed (u suddenly changes to 1/2). In
this step of transformation, the total binding energy
(the opposite of cohesive energy) reduces monotoni-
cally from WZ-ScN to ho-ScN : between them there
exists a difference of 0.265e¢V/(2 atoms) in binding
energy, which is in good agreement with the earlier

result (0.261eV/(2 atoms)).[l We may also note that
the total energy and the volume change rapidly be-
yond ¢/a ~ 1.4 (at point C in the right panel of Fig.6),
i.e. exactly when the curve for u versus c/a starts to
deviate strongly from the initial linear variation and
rapidly approach a constant value of 1/2. Also, this
point more or less corresponds to the inflection point
of the curve for volume versus ¢/a. The left panel in
Fig.8 shows the curve for bond length versus ¢/a for
each ‘energy favourable’ structure. It is noted that
in the vicinity of ideal WZ (the range D — C' ), the
bond lengths of b, (nearly in plane) and by (parallel to
¢) are almost unchanged.
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Fig.8. Band gap properties in the W Z-ScN— ho-ScN transition.

In the range C' — B, the length of b; increases
more rapidly than b, and the b; ’s length equals the
brr ’s length at point B. The characteristic of bond
can be incarnated into the optical properties in the
following section. The curve for bond length versus
¢/a for a = 4 a.u. is shown in the right panel of Fig.7,
we can find that at a large value of ¢/a, the by ’s length
equals the byy ’s length and the structure becomes h,,.
But the total energy is too high because the bond
length is too large to form a bond.

4.2.2. Energy band properties

To further understand the nature of the transi-
tion, we examine the energy band properties of ScN
along this transformation path. The band gap prop-
erties in the W Z-ScN — hy-ScN transition is shown
in Fig.8. Volume compression reduces the gap (see

Table 3) because the hydrostatic deformation poten-
tial perhaps is positive in ho-ScN, but increases the
gap because the hydrostatic deformation is negative
in WZ-ScN. The uniaxial ¢/a reduction on the other
hand tends to reduce the gap because the splitting
of the valence band increases. Under a large ¢/a com-
pression, the I'; singlet and I's doublet states are inter-
changed for their ordering at equilibrium (I's > I1).
The slope of the I'; energy as a function of ¢/a is twice
that of the I5.3% For the large distortion considered
here, these effects are comparable in magnitude but
with opposite sign. Also the c¢/a distortion changes
the bands at other k points, lending to a different in-
direct gap location.

It is noted that in a range of ¢/a > 1.40 (C —
D), the value of band gap oscillates slightly around
2.80eV, which accords with the characters of bond
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length. In a range of B — C, the band gap changes
rapidly from about 0.5eV to about 2.80eV while ¢/a
increases from 1.26 to 1.40. It is indicated that there
is a large structure transformation in this range. For
the structure changing from B — A, there is a little
increase in gap due to the positive hydrostatic defor-
mation potential in the approximation of -h,-ScN.
The band structures of the intermediate struc-
tures which belong to the special values of ¢/a, i.e.
A(c/a = 1.20), B'(c¢/a = 1.30), C'(c/a = 1.39),
C(c/a = 1.40), C”(¢/a = 1.41) and D(c/a = 1.63)
(see Fig.8) are shown in Fig.9. First, we can see that
the top valence-band width decreases when the struc-
ture changes from A to D. It is due to the increase
of unit volume. For the intermediate structures of A,
B’ and C’, the VBMs are all located at I and the

CBMs are all located at K. For B’ and A, the shapes
of energy band are quite similar to each other, but for
B’ and C’, the shapes are quite different from each
other. Then we suggest that the structure of A or
B’ is different from that of C’. For the intermediate
structures of C;, C” and D, the VBMs are all located
at point M and the CBMs are located at K, ¥ and
Y’ (farther from M), respectively. So we suggest that
perhaps there will be a structure with a direct band
gap at point M for ScN in a region C — C”. The
shape of the labelled conductive band of C”, which is
patternless from I" point to K point, is different from
that of C' (or D). The bond length is hardly changed
when the structural transformation of C' — D takes
place, so the bond angle will be a primary factor that
causes the variation of energy band structures.

—4

r Y M K A

L H T

Y M K A

L H

Fig.9. Energy band properties in the W .Z-ScN — ho-ScN transition, where solid lines represent the bands

of structure A in the left panel and C in the right panel, dot lines denote the bands of structure B’ in the

left panel and C” in the right panel, dash lines refer to the bands of structure C’ in the left panel and D in

the right panel.

4.2.3. Difference charge densities

The difference charge densities are shown as con-
tour plots superposed on a grey scale intensity image
in the (110) plane cutting through atoms, and the in-
termediate structures of ScN, which are arrowed in
Fig.9, are shown in Fig.10. It is noticed that for the
structure of B point, which is nearly h, structure, the
bonding in the (001) plane (noted as b, in Fig.6) is
very ionic, but along the [001] direction it is little cova-

lent (see Fig.10(a)). For the structure of B’ point (see
Fig.10(b)), the bond (denoted as b in Fig.6) between
the N at the top-left (bottom-right) and the Sc at the
middle-left (middle-right) starts to be destroyed, and
another bond (denoted as by in Fig.6) becomes more
ionic. The bond by is clearly destroyed for the struc-
ture of C' point (see Fig.10(c)), and the angle between
by and b, is clearly larger than 90°. For the ideal
wurtzite structure (D point, see Fig.10(d)), the bond

br is almost similar to bond b,. So it is clear that
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in the range C — B’ the transition from a fourfold-
coordinated structure to a fivefold-coordinated struc-
ture starts to appear, thereby forming a new bond

that lowers the energy. And then this rapidly causes
the volume to decrease faster, which further lowers the

energy.

110
(c)

110
(d)

Fig.10. Plots of difference charge density in the (110) plane for the special structures which are shown in

Fig.8. Here, panel (a) shows the structure of B point through the atoms, panel (b) describes the structure

of B’ point structure through the atoms, panel (c) illustrates the structure of C point structure the atoms,

panel (d) displays the structure of D point structure through the atoms. The first (negative) contour line is

at —0.2e ag > with a spacing of 0.01.

The curves for difference charge density for the
W Z-ScN, ho-ScN and RS-ScN structures are shown
in Fig.11. It can be seen that for each structure there
is an increase in electron density at the N atoms and
a decrease in the interstitial region between the metal
atoms. There is an decrease in electron density at
Sc atoms for WZ-ScN and the [001] plane of h,-ScN,
but an increase for the (001) direction of h,-ScN and

RZ-ScN. So the bonding of WZ-ScN has an ionic-
like character, the bonding of RS-ScN has a covalent-
like character and the bonding of h,-ScN are vari-
ous in different directions. It is essential due to the
bond length between N atoms and Sc atoms. When
the bond length decreases, there will be a significant
charge transfer to the more electronegative nitrogen
atom.
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(a)

(b)

Fig.11. Plots of difference charge density of ScN, where panel (a) shows the WZ structure in the (110) plan
through the atoms, panel (b) displays the ho structure in the (110) plane through the atoms, panel (c) exhibits
the ho structure in the (001) plane through the atoms, panel (d) illustrates the RS structure in the (001) [or
(110)] plane through the atoms. The first (negative) contour line is at —0.1 e ag > with a spacing of 0.01.

The formation of the sixth bond results from the
compression of h,-ScN in the direction perpendicu-
lar to the crystal ¢ axis. Hence it is easier to see in a
plot of the difference charge density in the basal plane.
Figure 11(a) shows the plots of difference charge den-
sity in the (001) plane through atoms of h,-ScN, and
Fig.11(c) displays the same plot of RS-ScN. We can
see that an additional bond between Sc at the top-
left corner and N at the bottom-left corner is clearly
formed as we move from ho-ScN to RS-ScN.

4.3. Summary of results about ScN

It is clear that the transition from the ideal W Z-
ScN to RS-ScN is driven by the new bonds forma-
tion. Firstly, the energy decreasing monotonically in
the compression along ¢/a indicates that the fourfold
bonding is unstable for ScN. Secondly, a small acti-
vation energy in compressing b/a indicates a meta-
stability of the fivefold coordinated h,-ScN, which is
followed by the rapid formation of the final sixth bond
ending up in a preferred rocksalt structure. It accords
with the result in Ref.[6], where the nearly five-times
coordinated hexagonal structure is (meta) stable in
ScN. Along the way, the equilibrium volume keeps de-
creasing, and it decreases more rapidly in the region
where the new bonds start forming. The formation of
new bonds is characterized by the increase of valence
band width and the downward shift of the N 2s band.
Overall, there is a tendency towards a more symmetric
distribution of the bonds around each atom.

The band structures indicate an overall decrease
in gap with compression. It is due to the valence-
band splitting under uniaxial ¢/a compression, indi-
cating the dominance of ¢/a distortions over volume

compression effects. From the ideal W Z-ScN to h,-
ScN, the location of the indirect band gap is shifted
due to the changes of the top-valence-band slop and
the bottom-conduction-band slope. It is important to
investigate the relation between ¢/a distortion and the
slope of energy band in IBZ. And the band gap energy
changes continuously from about 1eV to about 4eV,
it will be used for the band-gap engineering.

5. Conclusion

In this paper, we have investigated the relative
stabilities of rocksalt, h, and wurtzite in ScN, and
the transitions from wurtzite structure to h, struc-
ture. The main conclusions for the semiconductor
compound ScN are as follows. The wurtzite struc-
ture is unstable but there is a meta-stable structure
closely related to it, which is denoted with hy-ScN.
The difference between them is an additional mirror
plane or the fact that the basal plane layers are flat
or that the wurtzite internal parameter u is equal to
1/2. It means that for this compound the fivefold co-
ordination is preferred over a fourfold bonding. By
examining the evolution of the minimum energy vol-
ume and u as a function of ¢/a, the sudden formation
of an additional bond is evidential. The charge densi-
ties and band structures as a function of ¢/a are pre-
sented and they provide additional evidence of bond
formation. Next, it is shown that an additional uniax-
ial compression in the basal plane along the [110] di-
rection converts the structure into the stable rocksalt
structure accompanied with forming one more bond.
The bond formation is shown by charge densities. In
the formation of new bonds, the system also undergoes
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a faster reduction in volume because of the bond con-
traction. The bondings of W Z-ScN and RS-ScN have
the ionic-like and the covalent-like characters, respec-
tively. And the bondings of h,-ScN are various in di-
rections. Here we have presented the charge densities
along this transformation path, which again evidences
the formation of additional bonds. We have also dis-
cussed the band structures from the wurtzite phase
to ho phase. The changes in band structure are dis-
cussed by using the known deformation potentials and
the influence of ¢/a distortions. It is found that the

deformation potentials perhaps are positive for RZ-
ScN and ho-ScN, but they are negative for W Z-ScN.
The location of the indirect gap changes from M — X
to I' — K while ¢/a becomes less than 1.4. This could
be an indication of the transition. Also the band gap
changes from about 1eV to about 4eV monotonously
when ¢/a increases from about 1.26 to about 1.40. The
transition model of ScN from wurtzite structure to hg
structure which we proposed will be proved by the
further experiment, and the details of band structure,
presented here, could be useful for this purpose.
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